Background: Functional restoration is the major concern after flexor tendon reconstruction in the hand. The purpose of the
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reconstruction also is performed if a large defect precludes direct repair of the injured flexor tendon 9, 10 . An autologous extrasynovial tendon, such as the palmaris longus or the plantaris tendon, is usually used to replace the injured intrasynovial tendon 11, 12 .
Clinical and experimental studies of repair with extrasynovial tendons have shown restricted tendon gliding and reduced digital function, which are associated with the inferior surface durability of extrasynovial tendons compared with that of intrasynovial flexor tendons 13, 14 . The intrasynovial tendon surface is covered with a thin lubricating layer, consisting mainly of hyaluronic acid (HA) 15 and lubricin 16, 17 , which reduces gliding resistance between the tendon and sheath 18, 19 . In previous studies, we found that surface modification with carbodiimide-derivatized HA combined with lubricin (cd-HA-lubricin) greatly reduced tendon adhesion and improved digital function but also adversely affected tendon healing 20, 21 . In addition to HA and lubricin, phospholipids also have been found to decrease tendon gliding resistance and improve outcomes after flexor tendon repair 22 . All three lubricating molecules are native components of synovial fluid and are found on the intrasynovial tendon surface [23] [24] [25] . Modification of the tendon surface with use of a compound of carbodiimide-derivatized synovial fluid with gelatin (cd-SF-G) was shown to significantly improve gliding ability in vitro 26 . Moreover, synovial fluid was found not to inhibit the proliferation of human osteoblasts in vitro, indicating that synovial fluid also may not affect tendon-to-bone healing 27 . The purpose of this study was to investigate the effects of cd-SF-G surface modification of extrasynovial tendon autografts for flexor tendon reconstruction using a clinically relevant canine model. We hypothesized that this modification would improve digital function and reduce adhesion formation without jeopardizing graft healing.
Materials and Methods
Study Design and Procedure E leven purpose-bred dogs weighing 20 to 25 kg were used. The study was approved by our Institutional Animal Care and Use Committee. Pain was managed with morphine (0.5 mg/kg, administered intravenously once before surgery), carprofen (4 mg/kg, subcutaneously, daily for one week postoperatively), and sustained-release buprenorphine (0.12 mg/kg, intramuscularly, once daily for two days postoperatively). This study model included a repairfailure phase followed by a reconstruction phase to mimic a clinically relevant scenario in which tendon grafts are used after a failed repair. For the repairfailure phase, flexor digitorum profundus (FDP) tendons were transected in the second and fifth digits at the level of the proximal interphalangeal joint of one randomly selected forepaw, followed by repair with a modified Kessler technique, as previously described 28 . Free cage activity was allowed after repair, which caused all repaired tendons to rupture and a scar to form on the digital sheath by postoperative week 6. For the reconstruction phase, synovial fluid was first aspirated from both knees intraoperatively. Flexor tendon reconstruction was performed in the forelimb using peroneus longus (PL) tendons as grafts, as previously described 28 . PL tendons (approximately 6 cm in length) were harvested from both hindpaws of each dog. One PL tendon was randomly selected as the saline solutiontreated control, and the other was coated with cd-SF-G, which consisted of 46% native synovial fluid, 10% gelatin (from porcine skin; Sigma Chemical), 1% . The distal end of the graft was sutured to the distal phalanx through a bone tunnel. To avoid weight-bearing after flexor tendon reconstruction, a high-radial neurectomy was performed through a lateral humeral approach. The operative limb was immobilized with a custom canine jacket, and modified passive synergistic rehabilitation therapy was performed daily for six weeks 28 . After the sixth postoperative week, the dogs were killed, and the second and fifth digits of the operative and contralateral (nonoperative) paws were harvested for further examination.
Evaluation of Digital Function According to Work of Flexion
Digital function was evaluated on the basis of the work of flexion (WOF), determined using a previously established method 28, 29 . WOF data were calculated from the tendon-displacement versus tendon-loading curve during digital flexion. Data were then normalized (nWOF) by the total proximal interphalangeal and distal interphalangeal joint angles using previously established methods 20, 29 .
Evaluation of Adhesions According to Adhesion Score and Proximal Adhesion Breaking Force
After WOF testing, the adhesion status of each digit was evaluated by determining the gross adhesion score within the flexor sheath and the tendon bed in zone II. The flexor sheath was opened through an area away from the repair site. The adhesions at two sites-between the tendon and pulley/sheath and between the tendon and tendon bed-were separately graded according to previously described scoring criteria 21 . Adhesion scores at each site ranged from 0 (no adhesion) to 4 (very severe). Therefore, the total adhesion score in the two sites ranged from 0 to 8. Scores were determined by two investigators (X.J. and R.L.R.). Any disagreements were resolved by consensus.
Adhesion at the proximal repair site, between the FDP tendon and surrounding tissues, was evaluated by pullout testing using a custom testing device. The tendon graft was transected distal to the proximal repair site, without dissecting it from the surrounding tissues, and pulled proximally at a rate of 20 mm/min until the tendon was fully separated from the surrounding tissues. The tendon pullout test measured the adhesion breaking strength and stiffness of the proximal graft repair (e.g., less pullout force and stiffness indicated the presence of fewer adhesions). Because normal tendons in this area are connected to surrounding soft tissues by the loose connective tissue, pullout testing was also conducted for the intact digits in the nonoperative paw for the purpose of a baseline comparison.
Evaluation of Gliding Resistance
After evaluation of adhesion in the zone-II area, the tendon graft was further dissected for testing of gliding resistance, performed with use of a custom tendon pulley-friction testing apparatus, as previous described 29, 30 . The tendon graft was transected 15 mm proximal to the distal attachment site, and the proximal pulley and the proximal phalanx were mounted on a clamp. A 4.9-N resistance load was applied, and gliding resistance was measured between the tendon and proximal pulley.
Evaluation of Mechanical Strength at the Distal Attachment Site
The repair strength of the distal attachment was assessed with use of a previously developed protocol 21 . Briefly, the proximal 10 mm of the tendon stump was wrapped with a 3-0 silk suture (Ethicon) to improve the clamp's grip on the tendon during testing. The distal phalanx was mounted to the materials-testing machine (MTS Systems) with use of a custom grip. The tendon graft was distracted at a rate of 20 mm/min until failure 31 . Force and actuator displacement data were recorded at a rate of 50 Hz. Peak force was identified, and the stiffness was calculated from the slope of the linear region of the force-displacement curve.
Evaluation of Compressive Properties by Indentation
A 5-mm segment of the tendon graft from the zone-II area underwent indentation testing to evaluate the effect of EDC on tendon compressive properties 32 . The tendon was mounted onto an electromechanical test system (ElectroForce 3200; Bose). A flat, nonporous indenter with a diameter of 3 mm was used to compress the tendon at a loading rate of 10 N/min to a maximum force of 5 N. The initial segment of the stress-strain curve, with the compressive load ranging from 0 to 0.5 N, was used in calculating the compressive modulus, which was derived from the slope of the linear segment of the curve.
Histological Analysis
Two tendons each from the intact, saline-solution, and cd-SF-G groups underwent histological evaluation of the proximal and distal repair sites. Samples were fixed in formalin, embedded in paraffin, and cut longitudinally into 7-mm sections. Sections were stained with hematoxylin and eosin (H&E) to assess tendon-to-tendon healing at the proximal site of the repair and tendon-to-bone healing at the distal site of the repair.
Assessment of Cell Viability
In order to assess whether this chemical synovial-fluid modification would affect tendon viability, in vitro tenocyte viability was tested according to the following protocol. Briefly, four additional FDP tendons were harvested from dogs used in another Institutional Animal Care and Use Committee-approved study. These four tendons were treated with cd-SF-G or saline solution and then incubated for culture for seven days. The cell viability of the tendons was evaluated through calcein AM (acetomethoxy) and ethidium homodimer staining, as previously described 28 .
Statistical Analysis
The sample size was justified on the basis of a previous investigation 21 , in which the major functional evaluation (nWOF) of nontreated and treated graft tendons at six weeks was 1.60 N-mm/deg (standard deviation [SD], 0.61) and 0.67 N-mm/deg (SD, 0.34), respectively. A sample size of eleven in the mechanical evaluation would be sufficient to detect a significant difference of one-half of a standard deviation with an 80% power at a level of significance of p < 0.05.
All of the quantitative data are presented as the mean and SD. Because the three groups (intact, saline solution, and cd-SF-G) came from the same animal, repeated-measures ANOVA (analysis of variance) was used to analyze differences in nWOF, adhesion score, proximal adhesion breaking force, gliding resistance, distal attachment strength, and compressive modulus (JMP 10 software; SAS Institute). The Tukey studentized range (honestly significant difference) post hoc test was used to evaluate the effect of cd-SF-G surface modification on each outcome variable. Significance was set at p < 0.05 in all cases. *Values are presented as the mean and standard deviation. †Significantly higher than intact tendon. ‡Significantly higher than cd-SF-G tendon. Digital function and adhesion by group, including mean normalized work of flexion ( Fig. 1-A) , adhesion score ( Fig. 1-B) , and proximal adhesion breaking force and stiffness ( Fig. 1-C) . cd-SF-G = carbodiimide-derivatized synovial fluid with gelatin. Asterisks indicate a significant difference (p < 0.05), and error bars indicate the standard deviation.
Source of Funding

Results
T
he rupture of all repaired FDP tendons was expected and confirmed during the reconstruction surgery, with scar formation evident on the tendon, pulley, and tendon bed. All surgical wounds except one in the cd-SF-G group had healed without infection by postoperative week 6. One digit receiving cd-SF-G modification showed slight superficial infection at the proximal repair site that did not affect deep tissues. No graft ruptures were detected at the proximal or distal repair sites in either repair group.
Data from all quantitative measures are presented in Table I . The cd-SF-G group showed significantly lower nWOF compared with the saline-solution group (p < 0.001), and both of these groups had significantly higher nWOF than the intact group (p < 0.001 for both) (Fig. 1-A) . The adhesion score of the cd-SF-G group was significantly lower than that of the salinesolution group (p < 0.001) (Fig. 1-B) . Tendons coated with cd-SF-G showed lower proximal adhesion breaking force and stiffness compared with the tendons treated with saline solution (p < 0.05 for both). Both treated groups had higher proximal adhesion breaking force (p < 0.001 for both) and stiffness (p < 0.001 for both) when compared with the intact FDP tendons (Fig. 1-C) .
Gliding resistance in the cd-SF-G group was significantly lower than that in the saline-solution group (p < 0.05). Both of the treated groups showed significantly higher gliding resistance compared with the intact tendons (p < 0.001 for both) (Fig. 2-A) . Regarding strength and stiffness at the distal attachment site, differences between the cd-SF-G group and salinesolution group were not significant (p = 0.23 for strength; p = 0.34 for stiffness) (Fig. 2-B) . The compressive modulus was not significantly different between the two treated groups (p = 0.39) (Fig. 2-C) .
Similar collagen structures were observed in PL graft and native FDP tendon sections with H&E staining. The tendon grafts coated with cd-SF-G had a loose, smooth layer of paratenon covering the tendon surface, without evident adhesion Mean gliding resistance (Fig. 2-A) , distal attachment strength and stiffness (Fig. 2-B) , and compressive modulus from indentation testing (Fig. 2-C) by group. cd-SF-G = carbodiimide-derivatized synovial fluid with gelatin. Asterisks indicate a significant difference (p < 0.05), and error bars indicate the standard deviation. 17, 2015 to the surrounding tissues. However, abundant adhesions were evident on the surface of tendons treated with saline solution (Fig. 3) . The proximal repair site showed cell infiltration into the tendon graft for the cd-SF-G and saline-solution groups, although the latter had much greater cell density. Tendon grafts and native recipient tendons appeared to have secure healing at the interface, with no obvious gaps (Figs. 4-A and 4-B) . Tendon-to-bone incorporation was seen at the distal insertion sites of both graft groups, without evident gaps (Fig. 4-C and 4-D) .
Regarding the in vitro assessment of cell viability, viable cells were observed on the surface of tendons treated with either cd-SF-G or saline; cells were round and were randomly distributed. We observed no significant difference in viable cell counts between the two groups (Fig. 5) . 
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Discussion I ntrasynovial tendons, such as the finger flexors, have a specialized, lubricated gliding surface that is not present in extrasynovial tendons. This specialized gliding surface reduces gliding resistance between the tendon and its surrounding sheath 19, 33 , and it also may serve as a barrier to adhesions 34, 35 . Extrasynovial tendons are commonly used as autografts to replace flexor tendons, owing to the lack of availability of autologous donor intrasynovial tendons. Different from intrasynovial tendons, extrasynovial tendons have an irregular surface that is covered with a multilayered paratenon and that lacks the lubricated property of intrasynovial tendons; this leads to inferior gliding performance and durability when used as a tendon graft in an intrasynovial location, compared with grafts of intrasynovial origin 18, [36] [37] [38] . Our strategy involved the use of cd-SF-G surface modification of extrasynovial tendons to improve digital function and reduce adhesion formation without adversely affecting tendon healing. Mechanical tests showed that tendons coated with cd-SF-G had significantly lower nWOF, adhesion score, proximal adhesion breaking force, and gliding resistance compared with saline solution-treated tendons. Histological examination also showed smoother surfaces on tendons coated with cd-SF-G. We believe that the surface coating provided mechanical and biological benefits that improved gliding ability and reduced adhesion formation.
HA, lubricin, and possibly phospholipids are the lubricants in synovial fluid 23, 39, 40 . Human and animal studies have shown that HA and phospholipids reduce tendon gliding resistance and adhesions, without interfering with tendon healing 18, 25, 41, 42 . We have previously found that HA combined with lubricin was an improvement over HA alone 43 . Tendons coated with cd-SF-G in vitro demonstrated significantly improved gliding ability compared with coating with saline solution or synovial fluid only 26 . The present study further validates the improvement in gliding ability and reduction in adhesions, which might be attributable to the physical barrier effect of this surface treatment.
Tendon healing, including proximal tendon-to-tendon healing and distal tendon-to-bone healing, is an important issue in flexor tendon reconstruction. A recently reported surface modification, cd-HA-lubricin, had an adverse effect on proximal tendon graft-to-host tendon healing and distal tendon graft-to-bone healing, with gaps evident at both sites 21 . This drawback might limit application of this compound in tendon grafting, despite the associated dramatic improvement in gliding ability. In our study, no ruptures occurred in either the cd-SF-G or the saline-solution group, as judged by macroscopic inspection of the proximal repair site. H&E staining showed tendon-to-bone and tendon-to-tendon incorporation, with cell infiltration in the host and tendon grafts. These findings indicate that cd-SF-G on the surface may not jeopardize tendon-to-tendon healing, at least in the short term. For the distal attachment site, mechanical testing showed that tendons coated with cd-SF-G had similar failure strength and stiffness compared with saline solution-coated tendons.
Histological images also showed a solid union between the tendon graft and bone tissue in the two groups, without visible gaps. Hence, surface modification with cd-SF-G might not interfere with tendon-to-bone healing of flexor tendon reconstruction with use of an autograft. However, neither treated group established a fibrocartilage transitional zone, a key feature of a normal tendon-to-bone insertion site.
EDC acts as a carboxyl-activating agent for the coupling of primary amines to yield amide bonds. Although EDC was shown to have little toxicity in tissue-engineering studies 29, 44 , it has the potential, with higher doses or longer exposure, to diffusely stiffen the tendon, by increasing the number of crosslinks between collagen molecules within the tendon 45 . In this in vivo animal study, this potentially adverse effect of EDC on tendon stiffness was addressed. We found that surface modification with cd-SF-G did not change tendon compressive properties, which suggests that this approach might improve digital function without affecting tendon stiffness. Culture of tendon samples also showed that chemical synovial fluid modification did not affect cell viability when compared with findings for the saline-solution control group. This in vitro result was also supported by the in vivo finding that graft healing at the distal attachment site resulted in similar strength and stiffness between the two groups. This could be considered primary evidence suggesting that cd-SF-G modification does not affect tendon-to-tendon and tendon-tobone healing. Additional investigations of cell proliferation, cell production, and cytokine changes are needed to better understand this issue.
This study had several limitations. First, only one time point (six weeks) was used to assess postoperative function. Although six-week follow-up is a common point of assessment for tendon research, it might not be long enough for the final functional evaluation of a tendon graft. Earlier time points for understanding the healing mechanisms and later time points for understanding tissue regeneration are necessary in the future studies. Second, biological analyses were not performed for cell proliferation, tenocyte production, or tenocyte markers. Thus, we were unable to illustrate cellular function in this canine model. Third, failure strength was not determined for the proximal tendon-totendon repair site because the tendon segment was too short after WOF testing, which was the major outcome measure of this study.
In conclusion, this study used native synovial fluid as a lubricant to improve the results of tendon grafting. Our results demonstrated that the flexor tendon surface modification with cd-SF-G significantly improved digital function and reduced adhesion formation without affecting tendon healing and stiffness in this canine in vivo model. n
